Significant advances have been made in the fabrication of glass optical components since Newton's time, especially in the mechanically dominated grinding operations; however, optical polishing remains a very challenging finishing operation, primarily because of uncontrolled chemical factors and associated chemo-mechanical interactions. Most modern fabrication shops still rely on the specialized skills of experienced opticians to manage the complex system of polishing agent, fluid, glass work, and polishing tool. As an added source of difficulty, the proprietary nature of compositional data for some of the system elements (especially the glass work and polishing agent) means that knowledge of the initial process conditions is usually incomplete. Coupled with inherently low glass removal rates, the optician's labor makes polishing the most expensive operation in precision optical fabrication.
Introduction
In the fabrication of typical precision optical elements, the purpose of polishing is threefold: (1) to shape the glass work to within 0.1 pln (A/5,A=0.5 pm) orlcss of the desired surface form, (2) remove subsurface damage (SSD) created by the preceding grinding operations, and (3) reduce the peak-tovalley (PV) surface roughness to less than 5 nm (A/100). The mechanism of glass removal. while not entirely understood, is generally accepted as plastic scratching of the hydrated or corroded glass surface by a polishing agent suspended in an aqueous fluid.3 This mechanism is considered to be the essence of the chemo-mechanical theory of glass polishing. The most common polishing agents are Ce02 and Zr02 with mean particle sizes ranging from 0.01 to 3 pm. The polishing agent is supported by a viscoelastic tool made of pitch (wood or petroleum based) or polyurethane foam. Since the polishing agent sinks into the tool until the smallest grains are loadbearing, the glass removal rate is not strongly dependent on the particle size distribution within some poorly specified upper l i n~i t .~
The total glass thickness removed is about 25 pm, with removal rates ranging from 0.1 to 1 pmlmin. The creation of SSD is not an issue in the polishing of glass because, unlike grinding, there is no fracturing of the surface.
The mechanical aspects of polishing have been modeled as an area-averaged wear process using Preston's e~p a t i o n~.~ where: is the height at a point on the surface of the glass work. Cp is Preston's coefficient (units of arealforce), L is the total load, A is the area over which wcar occurs, and s is the path traveled by the work relative to the tool. This equation predicts that the glass removal rate at any point on the surface is proportional to the local pressure (L/A) and velocity (ds/dt). The term CL7 is generally used as either a fitting parameter or an empirical measure of polishing e f f i c i e n~~.~,~ The latter use is made clear by solving Eq. (1) for Cp in terms of polishing process parameters:
where p is the density of the glass work, Am is the mass lost by the glass work during a given interval of polishing time, and As is the total path length traveled by the tool across the work during the same time interval. Typically reported values of Cp are of the order of cm"dyne (l(3-I ~a -l or 9.806 x 1 0-7 mm2/kgf) . 4, 8, 9 Preston's deceivingly simple model lacks an explicit accounting of the role of process chemistry. This point is clarified by the work of Brown etuL on purely abrasive (i.e., chemically inactive) polishing of metals.1° For this specific case, they proposed an expression for Cp that is proportional to the inverse of Young's modulus of the bulk metal. If glass polishing was also a purely abrasive process, then there would be no hydrated surface layer. The corresponding value of Cp, calculated using the value of Young's modulus for the bulk glass, would be of the order of 1 0~'~ cm2/dyne, which is two orders of magnitude larger than typically reported empirical values. A major portion of this discrepancy is most likely due to three chemistry-related processes: (1) the complex hydrationlcorrosion of multicomponent silicate glass, (2) redeposition of silica species during polishing, and (3) surface charging of the glass work and the polishing agent. Cook's review of these processes and his proposed rate model suggested a number of interesting experiments, particularly relating to the influence of surface charge on mass transport during polishing. 4 This was a precursor to the trend of increasing interest in surface charge effects in the microgrindingH as well as polishing9.'2,13 of optical glass.
Hunter has summarized the mechanisms for the spontaneous separation of electric charges in systems consisting of oxides and fluids.14 The mechanisms relevant to such systems consisting of two material phases are (a) differences in the affinity of the two phases for ions of opposite charge, and (b) ionization of surface groups.
Mechanism (a) involves the differential adsorption of anions or cations from the fluid onto the oxide surface as well as the differential dissolution of one type of ion over another from the oxide into the fluid. Equilibrium is established when the electrochemical potential is the same in both the oxide and fluid phases for any ion that can move freely between them.
For mechanism (b), the degree of charge development (and its sign) at the fluid-oxide interface due to ionization of surface groups on the oxide depends on the pH of the fluid. Metaloxide surfaces typically possess a high density of amphoteric hydroxyl groups that can react with either H+or OH-depending on the pH:
This behavior may be regarded as a specific example of mechanism (a), with Hf and OH-acting as the freely moving ions. These types of reactions can occur at the surface of a metal-oxide polishing agent particle as well as at an optical glass surface.
Well-developed techniques based on electrokinetic effects exist for measuring surface charge in systems containing either microscopic particles suspended in a fluid15 or macroscopic solid bodies immersed in a fluid.16 For suspended microscopic particles, measurement of the velocity of the particles under the influence of a known externally applied electric field permits the determination of the mobility of the particle. The mobility is related to the net electric charge, or surface potential, of the particle with respect to the bulk fluid. This technique is known as particle electrophoresis.
For the case of a macroscopic solid body, the surface charge can be determined by constraining the fluid to flow along a surface under the influence of a pressure gradient. Ionic charges at the surface tend to be swept along with the moving fluid, which results in an accumulation of charge downstream. The resultant potential difference induces an upstream electric current by ionic conduction through the fluid. A steady state is quickly established, and the measured potential difference along the portion of the surface over which the fluid is flowing is called the streaming potential. This streaming potential is related to both the pressure gradient driving the fluid motion and the surface potential of the solid with respect to the bulk fluid.
The above descriptions of electrokinetic measurement techniques refer to the term "surface potential." What is typically calculated from electrokinetic measurement data is known as the zeta (0 potential, defined as the average electric potential at the "surface of shear" near the solid (microscopic particle or macroscopic body) with respect to the bulk fluid potential. This surface of shear is an imaginary hydrodynamic boundary in the region of the fluid-solid interface. Between the solid surface and the surface of shear, the fluid is considered to be stationary in the reference frame of the solid.
Recent literature on polishing has referred to both the 5 potentia19,12 and the isoelectric point ( I E P )~ of the polishing agent and the glass work. The relationship between the IEPand the 5 potential can be readily understood in terms of the preceding discussion. The IEP of a hydrated surface is defined as the pH at which there is no net charge within the surface of shear, which clearly corresponds to 5= 0.
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In spite of the complexity of the task, there has been recent progress toward the development of a deterministic glasspolishing model. Based on empirical data from two different sources, a polishing rate model has been proposed by cook4 that accounts for the single oxygen bond strength of the metaloxide polishing agent (R-0, in kcal/mole), the pH of the tluid. and the IEP of the polishing agent:
The rate factor (Re) is a predictor of the relative polishing activity of metal-oxide polishing agents.
Our earlier research with an atomic force microscope (AFM) showed that electrostatic forces between planar glass disks and individual metal-oxide polishing agent particles can be easily controlled by manipulating the pH of the surrounding fluid.'
Materials
Three glass types commonly used for precision optical components were examined in this study: Corning 7940 (fused silica),I7 Schott BK7 (borosilicate crown), and Schott SF6 (dense lead silicate flint). l s Their chemical compositions 9, 20 along with some of their fundamental properties2,19,21 are listed in Tables 61.111 and 61.1V, respectively. The action of three high-purity metal-oxide polishing agents on these three glass types was evaluated at three levels of slurry fluid pH (4. 7, and 10). spanning the range of values normally encountered in polishing. Two of the three polishing agents, Transelco ceo2?' and Norton monoclinic Z~O , ,~~ are supplied as aqueous slurries with a median particle size of I pm. The third polishing agent, Norton nanocrystalline a -~1 ? 0~, '~ is also supplied as an aqueous slurry but with a median particle size of 0.6 pm. It is engineered for greater friability (i.e., a lower resistance to crumbling) than conventional a-A1203 grinding abrasives, thereby improving the prospects for successful glass polishing.25 In this work, we investigate the manifestations of such chemi- Table 61 .III: Composition of the three glass types cally modulated forces in aplanar continuous-polishing process (weight %). and assess the effectiveness of manipulating the slurry chemistry to produce higher-quality surfaces in less time.
Experiment
Commercially available products were used in our experiments whenever feasible. Optical glass disks and polishing slurries were characterized in terms of the (potential. Slurries were further characterized in terms of the particle size distribu-
The scope of our core experimental program was thus tion, and planar glass polishing experiments were conducted defined as the evaluation of 27 different combinations (33) of with a commercially compatible continuous polishing maglass, polishing agent. and fluid. chine. Particle electrophoresis and streaming potential measurements were used to determine the IEP's of metal-2. Equipment and Methods oxide polishing agents and silicate glass types prior to actual a. Prevaration of elass surfaces. To ensure consistent initial polishing experiments.
conditions for each polishing experiment, a uniform planar disk geometry was adopted for all glass samples. Fine annealed plates were rough ground to a thickness of 15 mm and then core drilled to produce at least two dozen 40-mm-diam disks of each glass type. The individual disks were beveled and then processed using a controlled grinding strategy to minimize the depth of subsurface damage ( s s D ) .~~ A cast iron tool and Microgrit #9 abrasive,27 which has a median particle size of 5.75 pm, were used in the last fine-grinding operation. The resultant PV surface roughness was measured over a 4-mm scan length using a Pocket Surf 111 roughness gage,28 and the depth of SSD was measured using a modification of the Itek ball method.29 All surface sampling measurements, including PV roughness and SSD, were taken at five sites per disk: the center site plus the four sites within 5 mm of the edge at the 3, 6, 9, and 12 o'clock positions. b. potential and particle-size analysis. The c potential values of the three optical glass types were determined using a Brookhaven EKA electrokinetic analyzer.30 Six disks of each glass type were cut and rough ground to the rectangular dimensions (33 x 20 x 5 mm) required to line the fluid cell of the Brookhaven EKA. One large face of each rectangular sample was fine ground as specified above and then polished using a pitch tool with an aqueous slurry of monoclinic Zr02. The polished surfaces were planar to within a 2 with a scratch1 dig quality of 60140.~' Samples of a given glass type were cleaned and mounted end-to-end in the upper and lower recesses of the EKA streaming potential cell with the polished surfaces exposed to the fluid. The streaming potential that developed along the surface of the glass-lined channel was measured while an electrolyte solution (1 x lop3 M aqueous KC1) was forced, by external pressure, to flow along the surface. The pH values were varied between 3 and 10 by adding either HC1 or NaOH to the transport electrolyte. The c potential values. calculated from the streaming potential measurements using the Briggs m e t h~d , '~, '~ were plotted as a function of fluid pH. The corresponding IEP values of each glass type (pH at which c= 0) were obtained by interpolation.
The c potential values of the three polishing agents were determined using a Brookhaven ZetaPlus zeta potential analyzer.32 which measures theelectrokinetic mobility of particles suspended in a fluid using electrophoretic light scattering (ELS). The c potential, calculated from the electrokinetic mobility using the Smoluchowski equation,15 was measured with the polishing agents suspended in water as well as in aqueous solutions of NaCl and catechol (1,2-(H0)2C6H4). Catechol was chosen as a tluid additive because of its reported role as a potential silica sequestering agent during polishing with pitch t o o~s .~,~,~~ Since a salt-rich, aqueous environment is known to effectively screen out electrostatic interactions near macroscopic oxide surfaces34 and between particles in colloidal ~~s t e m s ,~~,~~ NaCl was also chosen as a fluid additive. Samples of each of the three slurries as received from the manufacturers were diluted (10: 1) with three different carrier fluids: deionized water, aqueous catechol (500 ppm, 4.5 x lop3 M), and aqueous NaCl[500 ppm, (0.01 M)]. The catechol concentration was chosen based on the maximum conceivable evolution of analogous compounds from a pitch polishing tool in recirculated slurry systems. 37 The maximum salt concentration was limited by the electrolytic current handling capability of the ZetaPlus instrument. Small working volumes of the nine polishing agent/fluid combinations were prepared at three pH values (4.7, and 10) adjusted by the addition of HCl or NaOH. Measured cpotential values of each polishing agent/ fluidcombination were then plotted as a function of pH, and the corresponding IEP values were obtained by interpolation.
The particle size distribution of polishing slurries was measured using a Horiba ~~9 0 0 .~~ This instrument optically determines the size of particles suspended in a fluid over a range of 0.04 to l000pm by combining Fraunhofer diffraction and Mie scattering i n f~r m a t i o n .~~ Typically, two or three droplets of a given slurry were dispersed directly into the carrier fluid ( V =. 250 ml) of the LA900. An aqueous solution of an anionic aurfactant [(NaP03)6, 0.2% by weight] was used as the carrier fluid to prevent any agglomeration of the suspended metal-oxide particles. The diluted slurry was recirculated through the LA900 until the forward-scattered red light (A = 633 nm) signal stabilized, indicating uniform mixing. The particle size distribution was then measured and stored as a 74-bin hi5togram.
c. Glass polishing experiments. Glass polishing experiments were conducted on a custom-built, 535-mm-diarn continuous polishing machine (CPM) with a 297-mm-diam conditioner and a pair of 178-mm-diam work rings (for individual work pieces). The theory and operational considerations of this planar polishing machine have been presented elsewhere by preston5 and Cooke et ~1 .~~ and will not be discussed here. Unique features of our CPM include a vacuumactivated slurry agitationlrecirculation system.ll arnechanical agitator in the outer catchment trough to prevent liquidlsolid separation by settling, and in situ measurement of the frictional force (FT) between the polishing tool and an individual 40-mm-diam glass work piece using an Entran load cell. 41 The overall sensitivity of the frictional force measurement system is approximately k0.1 N.
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Given the ambitiously large number of material combinations to be evaluated and the need to eliminate any chemical carryover between experiments, polyurethane foam was used instead of pitch as the polishing tool. Although this choice simplifies tool replacement between experiments, the surface figure of the work, or edge roll-off, was compromised. On the basis of cost and the availability of die-cut sheets large enough to cover the 535-mm-diam turntable of our CPM, we selected a 0.5-mm-thick blown polyurethane pad. Rode1 H S P .~~ The open cellular structure of this material provides a high density of sites for retaining polishing agent particles, which is a necessary condition for efficient glass removal during polishing with any polyurethane
The primary role of the CPM conditioner in our polishing experiments was to dominate the process chemistry by providing a significant surface area for toollslurrylglass interactions. The conditioner also functioned as a truing device by shearing off any local asperities on the surface of the polyurethane To isolate glass-specific chemical effects, a separate conditioner was prepared for each of the three glass types that were polished. Each conditioner was fabricated by blocking 17 individual glass disks (40-mm diam, 15 mm thick) to a large Pyrex disk (297-mm diam, 25 mm thick). Since the functional surface of the conditioner was made of the same glass type as the individual work piece in the frictional force measurement system, only the particular glass type being studied in a given experiment participated in the process chemistry. This choice of common glass types essentially eliminated any competing effects that could be attributed to a different conditioner material.
A consistent CPM operational procedure was followed in each of the glass polishing experiments. Since chemistryrelated issues were our primary concern, constant values of pressure (40 gf/cm2) and synchronous rotation rate (9 RPM for the turntable and work rings) were maintained throughout the experiments.
At the conclusion of each experiment, the roughness of a blocked disk near the center of the conditioner was measured using a Zygo Maxim-3D laser interference microscope.45 he surface figure of the glass work and the conditioner disk was evaluated using a Davidson Optronics Fizeau interferometer, which has a He-Ne laser source (A= 632.8 nm) and a 127-mmusing" where p is the glass density and A is the area of the work in contact with the polyurethane pad. The mass loss was determined by weighing the work before and after polishing using an analytical balance with a reproducibility (one standard deviation) of 20 pg. The maximum uncertainty in the reported glass removal rates was 3%.
A typical polishing experiment required approximately 7 h. including cleanup time. The polyurethane pad was replaced whenever an experiment called for a change in glass type or polishing agent. New pads were preconditioned by an 8-h polishing session with the slurry and glass type of interest, which ensured that the pad was fully charged with polishing agent particles.
Results and Discussion

Glass Surface Conditions prior to Polishing
The surface conditions of each glass type following fine grinding with #9 A1203 abrasive are summarized in Table 6 1 .V in terms of the PV roughness and depth of SSD. The results clearly demonstrate that the performance of a given loose abrasive grinding operation is highly dependent on the glass type. From Table 61 .V, we see that only 7940 follows the constant SSD-to-PV roughness ratio of 4.0 (k0.4) for loose abrasive grinding advanced by ~l e i n i k o v .~~
The two multicomponent glass types, BK7 and SF6, have significantly lower SSD-to-PV roughness ratios. Table 61 .VI is the The c potential values of the three glass types are all negative (i.e., the surfaces are negatively charged due to the dissociation of OH groups) for the entire range of pH values usually encountered in optical polishing (4 < p H 5 10).
While the presence of significant amounts of intermediates andlor modifiers in BK7 and SF6 results in only a modest reduction of their IEP values relative to that of 7940, the c potential values are fairly distinctive for pH values between consistency between the measured and previously published IEP values for nanocrystalline A1203, which is an indication of the lack of specifically adsorbed ions on the surface of the polishing agent.49 Conversely, the IEP values of C e 0 2 and Zr02 are very sensitive to the fluid chemistry. The presence of either additive reduces the IEP values of both polishing agents. which suggests that catechol and NaCl provide ions that are specifically adsorbed at the surfaces of C e 0 2 and Zr02. These results are considered valid only in the absence of mechanical action since individual polishing agent particles are not sub-6 and 9. This behavior is caused by differences in the density jected to mechanical forces that might cause them to crumble and charging characteristics of active surface oxide species, during c potential measurements. The total active surface ostensibly due to the compositional differences between the area of the polishing agent particles also remains essentially three glass types.
constant, unlike the case when glass is polished.
The c potential values of each polishing agent were mea-3. Original Particle Size Distribution and Friability of the sured in all nine combinations of fluid additive and pH using Polishing Agents the Brookhaven ZetaPlus instrument. The results for each
The original particle size distribution of each sluny as re- ceived from the manufacturers was measured using the Horiba LA900 instrument. All three polishing agents fall within the median particle size range of 0.01 to 3.0 p m that is typical of precision polishing operations, as shown in The friability of each polishing agent was assessed by Figure 61 .23 evaluating particle size distribution in recirculated slurry Effect of ultrasonic energy on the particle size distribution of the CeO2 slurry.
exposed to 20-kHz, 40 Figure 6 1.23 illustrates the effect of ultrasonic energy on the particle size distribution of Ce02. The initial distribution (t = 0 min) is bimodal, with the dominant mode representing the larger particles in the population. After 3 min of ultrasonic exposure, the distribution character is reversed, with the dominant mode representing the smaller particles in the population. Evidently, the ultrasonic energy induced a significant fraction of the C e 0 2 particles to break apart. After 6 min (not shown) and 9 min of ultrasonic vibration, the size distribution shifts further toward smaller particle diameters, but not as dramatically as within the first 3 min.
The effect of ultrasonic energy on the median particle size of all three polishing agents is shown in Fig. 61 .24. Based on the decaying exponential character of the size dependence shown in the figure, we can define an empirical ultrasonic friability index F,, as where D is the median particle size measured after exposure to ultrasonic energy U and Do is the original median particle size. This friability index F,, is a useful measure of the relative change in median particle size per unit of ultrasonic energy, i.e., the more friable the polishing agent, the larger the value of F,,.
The median particle size and corresponding value of F,, for all three polishing agents after 3 and 6 min of ultrasonic exposure are listed in Table 61 .VIII. The original median particle size (t = 0) is also given in Table 6 1 .VIII for convenient reference. In terms of F,,, nanocrystalline A1203 is the most friable polishing agent, followed in decreasing order by Ce02 and monoclinic Zr02. at pH 7 for 30 consecutive hours. The mass loss of the work and the slurry particle size distribution were measured hourly for the first 8 h, then at 15-and 30-h intervals.
3.
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The resulting glass removal rate and median particle size are plotted versus polishing time in Fig. 61 to study the effect of catechol and NaCl as slurry additives. I minimum pad lifetime of 30 h, which was never exceeded -. during the remaining CPM experiments.
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After 6 h of polishing, the median Ce02 particle size was reduced to 0.64 pm (approximately 50% of the initial value). Conlparison of Figs. 61.24 and 61.25 suggests an equivalence relationship between 6 h of BK7 polishing under these conditions with 3 min of ultrasonic vibration in the Horiba LA900. These results also serve as a reminder that the glass polishing process also functions as a milling process for the polishing agent.
b. Effect of catechol and sodium chloride as slurry additives. Our carlier AFM screening experiments'3 revealed that catechol and NaCl function only to buffer mildly the forces between individual metal-oxide particles and polished glass surlaces. Thcir strong influence on the measured IEP values of Ce02 and ZrOZ, as indicated in Tablc 61 .IV, suggests the possibility of more-complex interactions between slurry particles. To resohe this issue, we studied the effect of catecho1 and NaCl as slurry additives using the CPM.
'The average BK7 glass rcmoval rate obtained during 4 h of polishing with aqueous Ce02 slurries containing no slurry fluid additive, aqueous catechol(500 ppm. 4.5 x 1 0-3 M), and NaCl(5% by weight. 0.86 M) is plotted as a function of slurry pH in Fig. 61 .26. At each of the three pH levels, the relative elTect of thc additives on the glass removal rate was quite consistent. 'The additive-free slurry fluid yielded the maximum removal rate, followed by aqueous catechol and aqueous NaCl. The maximum removal rate was obtained with no additive at pH 7. In contrast with the glass removal rate, the final rms surface roughness values (average of five measurements) of'the conditioner for all nine combinations of slurry fluid additive and pH were nearly indistinguishable, averaging from only 10 to 16 A. Glass removal rale as a function of slurry pH and slurry additive for polishing of BK7 with Ce02.
These results demonstrate that, in terms of final BK7 surface roughness, the performance of Ce02 is insensitive to significant variations in fluid chemistry. This insensitivity to fluid chemistry variations implics that an insignificant level of specifically adsorbed ions evolve from BK7 glass during the polishing process. There also is a penalty for using either catechol or NaCl as a slurry additive between pH 4 and pH 10, as evidenced by the lower glasa removal rate. Since these additives made no significant impact on the polishing process. they were excluded from the remaining experiments.
c. Core glass ~o l i s h i n~ experiments. The results of the 27 core polishing experiments with CeOz, monoclinic ZrOz, and nanocrystalline A1203 are summarized in Table 61 .IX. The rangc of data presented includes the average glass removal rate (RR) during each 4-h polishing session, the corresponding value of Preston's coefficient (Cp), the coefficient of friction (p) betwecn the work and the polyurethane pad. the final rms surface roughness of the conditioncr, and the ratio of the final and original median particle size (Df/Do) of the alusry.
A careful review of Table 61 .IX shows that polishing slurries containing monoclinic Zr02 are clearly the least sensitive to glass typc or slurry pH, while those containing nanocrystalline A1203 are the most sensitive to these chemistry-related process factors. The CeOz results are intermediate to the other two polishing agents. This ordering of chemical sensitivity is identical to the ultrasonic friability indcx ordering (Table 61 .VIII) but is contrary to the IEP stability (Table 61 .V1). This apparent inconsistency can be reconciled if the available surface area of the polishing agent is taken into account. From Eq. (3), the total number of hydroxyl groups able to participate in ionization reactions scales with the combined surface area of the polishing agent particles in the recirculated slurry. Highly friable polishing agent particles will crumble progressively with use; exposing new active surface groups and accentuating [he chemical aspect of their pcrformance.
The coefficient of friction ( p ) has been shown previously to be a good quantitative indicator of the efficiency of glass removal9," and, as such, is a uaef'ul element with which to begin quantitative interpretation of the data In Table 61 .IX. In If one studies the effect of slurry pH on the efficiency of glass removal, an interesting pattern emerges from the data. Friction rms RR Except for the case of C e 0 2 and SF6, a glass prone to selective corrosion of the PbO network modifier in acidic to neutral fluids,jO each polishing agent exhibits a unique, glass-independent optimum pH for the maximum removal rate. For Ce02. monoclinic ZrO:, and nanocrystalline A1203. the glass removal rates were maximized at pH 7,4, and 10, respectively. Returning to Table 61 .VI, these optimum pH values roughly correspond to the respective IEP values measured in the presence of specifically adsorbed ions (i.e., in 0.01 -M aqueous NaCl). An abundance of such ions was assumed to be present during our polishing experiments because of the dissolution of glass constituents and the use of HCl or NaOH to adjust the slurry pH. Given this assumption, our results are partially consistent with Cook's rate model, which predicts a maximum glass removal rate for a given polishing agent if the slurry pH is close to the IEP of the polishing agent [Eq. (4) were observed for some con~binations of polishing agent, glass type. and pH; we term this phenomenon the slurry charge control efject. type were obtained when the slurry was maintained at pH 10.
Surface charge To understand this result, it should first be noted that all three polishing agents and all three glass types have a negative ticle forces induced by the basic tluid environment inhibit the formation of agglomerates in the slurry, thereby preventing the formation of deep scratches or sleeks on the surface of theglass work. The aqueous solubility of silica, which forms the network of all three glass types, is also sharply accelerated above pH 8.51 At pH 10, it is therefore quite plausible to expect preferential dissolution of any microscopic irregularities on the silicate surface because of their relatively high surfacearea-to-volume ratios. Supportive evidence for the above can be found in the scatter diagram of Fig. 61 .32, which is a plot of the average rms surface roughness values on a logarithmic scale obtained at the conclusion of each of the 27 core polishing experiments versus the difference between the fluid pH and the IEP values of the polishing agents. Each plotted symbol in Fig. 61 .32 represents one polishing session for the indicated glass type and polishing agent at a given pH value. The abscissa, pH-IEP, is an opposite indicator of the sign of the surface charge on the polishing agent. Note that for pH values larger than the IEP of the polishing agent ( i t . , for which the polishing agcnt and glass are negatively charged), the Interpretation of the slurry charge control effect is quite simple as summarized in Table 61 .X. For glass types with a silica network, the combination of fluid and polishing agent should be selected so that the fluid pH is always larger than the IEP of the polishing agent. This precaution ensures that both the polishing agent particles and any silica species have surface charge of the same sign. As was mentioned previously, the corresponding repulsive electrostatic force inhibits agglomeration of any particles suspended in the slurry, resulting in the smoothest possible surface finishes.
Referring to Figs. 61. 33 and 61.34, thc polishing of 7940 with nanocrystalline A1203 provides an excellent example of the slurry charge control effect. In terms of both removal rate and surface roughness, the best results were obtained at pH 10, where both the polishing agent particles and the glass work had relatively large negative charge densities. At pH 7, where the polishing agent particles and the glass work were opposurface roughness values were, without exception, quite low.
sitely charged, significant agglomeration occurred, causing an When the pH is less than the IEP, large values of roughness increase, in the surface roughness and a decrease in the removal Glass Types rate. At pH 4, no agglomeration occurred since the polishing agent particles had a relatively high positive charge density, while the glass work had only a slight negative charge density. The removal rate in this system was nearly as high as with the pH 10 slurry. The corresponding large value of surface roughness at pH 4 is probably due to the reduced solubility of silica in the acidic environment, which inhibited corrosion of the network.
7940
I 3.76) 1 0-ILandingham etal. have previously encountered agglomeration problems in the pitch polishing of fused silica with A I~O~.~' In hindsight, this is not surprising since their investigation was limited to slurry pH values between 7.4 and 9.0, where silica and A1203 are oppositely charged. Although the more recent success of Tesar et al. l 2 in the pitch polishing of fused silica with C e 0 2 and monoclinic ZrOz at pH 4 appears to be at odds with the slurry charge control effect, their slurries were dispensed at a very low rate (1.2 mllmin.) and were not recirculated. These two process features reduced the tendency of the polishing agent to agglomerate because the accumulation of silica species in the slurry was negligible. Since no results were reported by Tesar et a/. at pH 10, we were unable to make a more direct comparison of their results with our own.
--
Conclusions
The concepts and analytical tools of colloid science for characterization of surface charge effects were used in this work to demonstrate the strengths and limitations of a newly proposed polishing process rate model. The pivotal role of slurry fluid chemistry, particularly pH, in maintaining Figure 6 1.33 Figure 6 1.34 Glass removal rate and coefficient of friction between the work and the Surface roughness and the final median particle size of the slurry divided by polyurethane pad as a function of slurry pH for polishing of 7940 with the original median particle size as a function of slurry pH for poli5hing of nanocrystalline Al2O3.
7940 with nanocrystalline A1201.
electrokinetically favorable conditions for a well-dispersed polishing agent was also identified and explored. For the silicate glass types studied here, these electrokinetically favorable conditions were sufficient for obtaining the smoothest possible surfaces. A relationship between fluid pH and the isoelectric point of the polishing agent, termed the sluny charge control effect, was also established, and its importance in controlling surface roughness was demonstrated. Our results have shown that there are chemically modulated forces present in the polishing system that can be equal to and, in some cases, exceed the mechanical forces and that these chemically modulated forces exert their effect at the interparticle level, not between individual particles and the glass work. The latter was most clearly demonstrated by the performance of nano-crystalline A1203, which was limited by the slurry fluid pH and not by the mechanical friability of individual polishing agent particles. The pH of the fluid and the IEP of the polishing agent were also shown to be the process parameters that, if carefully controlled, can lead to the production of higher-quality surfaces in less time.
